Deep ultraviolet (UV) light-emitting diodes (LEDs) at a wavelength of 226 nm based on AlGaN/ AlN multiple quantum wells using p-type Si as both the hole supplier and the reflective layer are demonstrated. In addition to the description of the hole transport mechanism that allows hole injection from p-type Si into the wide bandgap device, the details of the LED structure which take advantage of the p-type Si layer as a reflective layer to enhance light extraction efficiency (LEE) are elaborated. Fabricated LEDs were characterized both electrically and optically. Owing to the efficient hole injection and enhanced LEE using the p-type Si nanomembranes (NMs), an optical output power of 225 lW was observed at 20 mA continuous current operation (equivalent current density of 15 A/cm 2 ) without external thermal management. The corresponding external quantum efficiency is 0.2%, higher than any UV LEDs with emission wavelength below 230 nm in the continuous current drive mode. The study demonstrates that adopting p-type Si NMs as both the hole injector and the reflective mirror can enable high-performance UV LEDs with emission wavelengths, output power levels, and efficiencies that were previously inaccessible using conventional p-i-n structures. Published by AIP Publishing. https://doi.org/10.1063/1.5038044
Deep ultraviolet (DUV) light sources, especially those at sub-250 nm wavelengths, have attracted increasing interest due to their various applications, such as bio-sensing, medical treatment, high density optical recording, and lithography. [1] [2] [3] [4] [5] Al x Ga 1Àx N-based UV light-emitting diodes (LEDs) have advanced to be the most promising solution to achieve deep UV emission due to their wide bandgap energy of up to 6.2 eV (AlN), covering the UV-A (320-400 nm), UV-B (290-320 nm), and UV-C (200-290 nm). [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Although intensive efforts have been invested in development of UV LEDs with high external quantum efficiency (EQE), several critical issues still impede further improvement of the EQE of UV LEDs: (1) growth of high-crystal-quality AlGaN epilayers; (2) lack of conductive p-type high-Al-content AlGaN and associated low hole injection efficiency into the active region; [17] [18] [19] [20] [21] and (3) compromised light extraction due to absorption of the p-type GaN contact layer, which is commonly adopted to form a conductive ohmic contact. 8, 22, 23 Regarding the material growth challenge, AlN substrates were employed to grow AlGaN epilayers with low threading dislocation densities. 24, 25 This mitigates defect-related nonradiative recombination that could severely degrade the internal quantum efficiency (IQE). The challenge of p-type doping of AlGaN, which is deemed the most difficult obstacle in the realization of efficient AlGaN-based DUV LEDs, originates from the high Mg acceptor activation energy of approximately 170 meV for GaN, which rises to 630 meV for AlN. In addition to these two challenges, effective light extraction is also essential in order to obtain high EQE. As stated previously, p-type GaN is commonly used as an electrode contact and hole injection layer, since doping p-type AlGaN is inefficient and it is impractical to form good ohmic contacts on the p-type AlGaN at high Al compositions. However, the drawback of using p-type GaN as the contact and hole injector is significant UV absorption of UV photons emitted toward the p-type GaN due to a smaller bandgap energy of p-type GaN compared to the emitted photon energy. To reduce the optical loss and improve light extraction, previous work adopted transparent p-type AlGaN with a high Al composition and a reflective p-type electrode, 12 where the conventional Ni/Au p-type contact metal was substituted with a Ni/Al reflective electrode to increase light extraction efficiency (LEE). However, as the light emission wavelength extends below 240 nm, it is extremely challenging to obtain an effectively doped transparent p-type AlGaN with increasing Al compositions.
To enhance the hole injection of UV LEDs, tunneling junctions were investigated recently: n-AlGaN/InGaN/pAlGaN, 20, 26 metal/InGaN/p-AlGaN, 27 and n-GaN/Al/pAlGaN 28 (see supplementary material Table I for a summary). However, the use of an n-AlGaN top contact layer was reported to hinder hydrogen diffusion, making it more difficult for Mg activation in the p-AlGaN layer. 29 In addition, the high growth temperature required for AlGaN growth could Authors to whom correspondence should be addressed: jalbrech@egr.msu. edu and mazq@engr.wisc.edu cause decomposition of the InGaN interfacial layer and intermixing at elevated temperatures. 27 For the tunneling junction employing metal (Al and Ni) for hole injection, 27 the tunneling barrier height is substantially high due to the large work function difference between metal and p-AlGaN.
Recently, we reported UV LEDs based on Al 0.77 Ga 0.23 N/ AlN multiple quantum wells (MQWs) with a light emission wavelength of 229 nm using a p-type Si nanomembrane (NM) as the hole injection layer. 16 However, the use of 20 nm p-GaN underneath the Si NM imposed significant light absorption for UV photons emitted toward the p-GaN side (opposite to the output through the substrate), which limited the light extraction efficiency and led to a low EQE (0.03%). To reduce the UV photon absorption and make the Si NM function as an effective UV light reflector as reported in this work, the p-type GaN layer between the Si NM and the AlN/ Al 0.81 Ga 0.19 N MQWs was reduced to 5 nm. With such a layer design, a large fraction of the upward transmitted UV light is reflected and collected from the substrate side. Due to the reduced UV light absorption and thus improved LEE, in addition to the enhanced hole injection using the Si NM, DUV LEDs emitting at a wavelength of 226 nm with a high EQE of 0.2% were demonstrated. The hole transport mechanism for the p-type Si/Al 2 O 3 /p-type GaN isotype heterojunction can be explained by the energy band alignment and was characterized electrically via both experiments and simulations. Compared to the previous work, 16 more details on the interface tunneling are included to describe the hole injection mechanism. Furthermore, the function of the Si NM on top of the p-type GaN, forming a Si/GaN light reflector, as compared to the GaN/AlGaN case that is commonly used in UV LEDs, was examined. Finally, device performance was characterized by current density-voltage characteristics and electroluminescence (EL) measurements.
The UV LED structure shown schematically in Fig. 1 (a) was grown on an AlN substrate by low pressure organometallic vapor phase epitaxy (LP-OMVPE) in a high-temperature reactor. As shown in Fig. 1 (a) (i), following an initial 400 nm AlN homoepitaxial layer on the AlN substrate, a Si-doped 600 nm n-Al 0.7 Ga 0.3 N contact and electron injection layer was grown prior to the 3-period 3 nm Al 0.81 Ga 0.2 N/6 nm AlN MQW active region. To minimize the light absorption through the p-type GaN layer, a 5 nm thick p-type GaN layer, serving as the epitaxy termination of AlN/AlGaN MQWs, was grown. It is noted that the p-type GaN is not a hole injector 16 but is used to circumvent the rapid oxidation of the AlN surface. 15 Prior to transferring a 100 nm heavily doped pþ Si singlecrystal nanomembrane (NM) with a doping concentration of 5 Â 10 19 cm À3 , a 0.5 nm Al 2 O 3 layer as the passivation and highly conductive tunneling layer 16, 30 was deposited via atomic layer deposition (ALD) using an Ultratech/Cambridge Nanotech Savannah S200 ALD system, followed by a rapid thermal anneal (RTA) at 500 C for 5 min to increase the bonding strength between the p-type Si NM and Al 2 O 3 . A microscopy image of the sample after completion of the Si NM transfer, corresponding to Fig. 1(a) (i) , is shown in Fig.  1(b) (i) . A heterojunction consisting of p-type Si/Al 2 O 3 /p-type GaN for hole tunneling transport was investigated to determine the band alignment and resultant electrical characteristics as shown in Fig. 2 . In Fig. 2(a) , assuming 10% of dopant activation ratio). An anode metal was formed on p-type Si and a cathode contact was formed on p-type GaN for electrical measurements, between which the lateral distance was 10 lm. It is known from previous reports that the valence band offset is 1.1 eV between the p-type Si and p-type GaN. 15 The Silvaco V R TCA device simulation software was used to simulate the band structures of the isotype heterojunction junction. The simulated band alignment As the forward bias is increased, the barrier becomes narrower (down to 2 nm), facilitating the tunneling process for holes from the valence band of p-type Si to that of the p-type GaN layer. Figure 2(d) illustrates the contribution of the hole tunneling current to the total current. As can be seen, the majority current outside the heterojunction interface region is composed of the hole diffusion current or hole drift current, whereas the tunneling-contributed current is dominant across the Al 2 O 3 interfacial layer and the valence band tunneling barrier formed in the p-type GaN as a result of the valence band offset. The corresponding simulated and measured current-voltage curves on the linear scale are shown in Fig. 2(e) where turn-on voltages of around 0.75 V and 0.6 V extracted from the simulation and experiments, respectively, were obtained by linear extrapolation. The lower turn-on voltage and higher current at low voltage for the measured vs. simulated data may indicate the existence of interface states with the energy levels within the bandgap near the Fermi-level between Si and GaN, which could result in a higher tunneling rate due to the trap assisted tunneling process. 31 On the other hand, at higher voltages, the slope of the measured J-V curves is less than the simulated slope. This indicates a larger associated series resistance which we attribute to the GaN contact resistance and lateral current spreading resistance within the 200 nm thick GaN in the test device structure [ Fig. 2(a) ]. It is noted that the series resistances were not taken into account in the simulations.
In the majority of the reported UV LEDs, p-type GaN is used as an electrode contact and hole injection layer instead of p-type AlGaN due to the difficulty in activating p-type dopants in AlGaN. The consequence of adopting p-type GaN is high optical loss for the photons emitted toward the p-type GaN due to the high absorption coefficient of GaN (a ¼ 3.6 Â 10 5 cm À1 at 226 nm) [ Fig. 3(a) ]. For this reason, most UVLEDs employ flip chip packaging for light extraction. 32 In our work, we used p-type Si to bond with 5 nm thick p-type GaN. The impact of the Si/GaN on light extraction efficiency as compared to the GaN/AlGaN case in conventional UV LEDs' contact layer was analyzed. Si is known to be highly absorptive in the UV range due to its small bandgap. In our LED design, due to the extremely short light penetration depth in Si, UV absorption in Si becomes less important. Instead, the UV light is mostly reflected rather than absorbed at the Si surface [ Fig. 3(b) ]. The complex optical index (n þ ik) of Si and Al 0.81 Ga 0.19 N over the range of 200 nm-400 nm was fitted based on ellipsometer measurements [supplementary material Figures 1(a) and 1(b) ]. For this measurement and fitting, a 200 nm-thick Al 0.81 Ga 0.19 N layer was separately grown on a AlN substrate for the optical measurement. The n and k values of GaN were extracted from theoretical dispersion analysis 33 [supplementary material Fig. 1(c) ]. The reflectance (R) at 226 nm for normal incidence at the interface between Si (n si ¼ 1.43 þ 3.37i) and GaN (n GaN ¼ 2.78 þ 0.65i) is 24%, whereas the reflectance is only 1% between GaN and AlGaN (n AlGaN ¼ 2.40 þ 0.31i) for conventional UV LED structures employing a top p-type GaN contact layer. that due to the large index difference between the Si NM and GaN, the Si NM significantly enhanced the UV light reflection when the light propagated towards the interface of GaN/Si as compared to AlGaN/GaN.
To comprehensively evaluate the LEE enhancement by the Si NM, the reflectance of both TE and TM polarization modes of the UV light that was emitted from the MQWs was considered. The finite-difference time-domain method (FDTD) was used to simulate the light propagation path, accounting for the light emitted from TE and TM dipoles within the QW region (see supplementary material Fig. 2 for detailed simulation structure setup) for the conventional UV LED [ Fig. 3(a) ] and the p-type Si UV LED [ Fig. 3(b) ]. Figure 3(c) shows the quantitative comparison of the normalized optical output emission from the AlN substrate side between the two LEDs for TE and TM dipoles, respectively. It is shown that compared with the conventional structure with a 200 nm p-GaN contact layer, the proposed structure exhibits 60% and 62% increase of light output power collected from the AlN substrate side for TE and TM dipoles, respectively. The appearance of ripples for the TE dipole light output in the proposed structure is attributed to the resonance effect due to the enhanced reflectivity of the top layer. To clearly visualize the reflector effect of the p-Si NM layer, the light propagation and reflection behaviors for each dipole in the two types of structures were recorded in movies as shown in supplementary material It is noted that the light transmitted in the upward (p-type side) direction is negligible as it is either reflected or absorbed by the p-type Si or p-type GaN. Under this consideration, the normalized optical output emitted from the substrate is considered equivalent to LEE. Thus, a 60%-62% of LEE improvement was expected by employing the p-type Si depending on the accurate proportion between the TE and TM emission, which is sensitive to various factors including strain in the quantum well, Al composition in the quantum barrier, and thickness of the wells. 34 Overall, the p-type Si NM on top of the UV LED epitaxial structure indeed serves as a UV reflection layer, which we subsequently used to greatly enhance the UV light extraction from the thinned AlN substrate side.
The electrical performances of the LEDs including current density-voltage and EL measurements are shown in Figs. 4(a) and 4(b) , respectively. It can be seen from the linear scale plot that the LED has rectifying characteristics and a turn-on voltage of about 11 V. The relatively large turn-on voltage resulted from the large valence band barrier between GaN and the first quantum barrier (AlN) and also from the non-ohmic metal contact made on the n-type Al 0.7 Ga 0.3 N layer (see supplementary material Fig. 3 for details) . On the other hand, the low reverse current density revealed on the log scale indicates the absence of a significant leakage path, either through surface recombination or defects at the interface between Si and GaN.
The EL spectrum and optical power measurements were performed by coupling LED emission into a 6-in. diameter integrating sphere of a Gooch and Housego OL 770-LED calibrated spectroradiometer. Electrical power was supplied in the constant current mode, and the temperature was not controlled. The measured EL spectrum on the linear scale under a constant drive current of 20 mA is shown in Fig.  4(b) , and the inset plots the corresponding log scale spectrum. The 226 nm peak radiating from the MQWs is dominant, with one discernible weaker feature at around 240 nm, which is speculated to be emitted from the n-Al 0.7 Ga 0.3 N layer. The weak light emission over the 300-600 nm wavelength range has two possible origins. One is electron overflow into the very thin p-GaN layer and the resultant recombination therein. The other is reabsorption of the QW light emission due to the smaller bandgap of GaN. The relatively suppressed 300-600 nm spectrum compared to our previous report, 16 where a thicker p-GaN of 20 nm was used, may serve as proof that the GaN layer is responsible for the 300-600 nm light emission.
Moreover, the optical output power versus current was measured. A power intensity of 225 lW was obtained at 20 mA with an equivalent current density of 15 A/cm 2 , and the corresponding external quantum efficiency (EQE) was calculated to be 0.2%. This EQE value is higher than any UV LEDs in the comparable wavelength range, 35 as shown in Fig. 4(c) . It is noted that the EQE could be further improved by additional thinning of the AlN substrate, which induces substantial absorption due to point defects in the substrate, 36 and by incorporating light extraction patterning. From our device testing, no reliability issues were observed due to the addition of the Si layer.
In summary, by using p-type Si as the hole injector and UV light reflector to enhance light extraction, 226 nm UV LEDs based on AlN/Al 0.81 Ga 0.19 N epitaxial MQWs heterostructures on bulk AlN substrates were demonstrated. At a current injection density of 15 A/cm 2 , an output optical power of 225 lW with a corresponding EQE value of 0.2% under continuous current and room temperature operation was measured. This work suggests that using Si NM as the hole injector and optical reflector for high Al composition-based LEDs can be a practical route toward high-performance DUV LEDs for short wavelengths and high efficiency. 
